Wautersia eutropha, formerly known as Ralstonia eutropha, a gram-negative bacterium, accumulates polyhydroxybutyrate (PHB) as insoluble granules inside the cell when nutrients other than carbon are limited. In this paper, we report findings from kinetic studies of granule formation and degradation in W. eutropha H16 obtained using transmission electron microscopy (TEM). In nitrogen-limited growth medium, the phenotype of the cells at the early stages of granule formation was revealed for the first time. At the center of the cells, dark-stained "mediation elements" with small granules attached were observed. These mediation elements are proposed to serve as nucleation sites for granule initiation. TEM images also revealed that when W. eutropha cells were introduced into nitrogen-limited medium from nutrient-rich medium, the cell size increased two-to threefold, and the cells underwent additional volume changes during growth. Unbiased stereology was used to analyze the two-dimensional TEM images, from which the average volume of a W. eutropha H16 cell and the total surface area of granules per cell in nutrient-rich and PHB production media were obtained. These parameters were essential in the calculation of the concentration of proteins involved in PHB formation and utilization and their changes with time. The extent of protein coverage of the granule surface area is presented in the accompanying paper
Polyhydroxyalkanoates (PHAs), which are polymers composed of polyoxoesters, are accumulated in granular form by various microorganisms under nutrient-limited conditions when a carbon source is readily available (1) . They serve as reserves of carbon and reducing equivalents to preserve cell survival during stressful conditions. Little do these bacteria know that their biodegradable PHAs have properties ranging from thermoplastics to elastomers and could potentially replace the nonenvironmentally friendly petroleum-based plastics that are heavily used in our society. Production of economically competitive PHAs and PHAs with new properties has been the impetus for many research groups to study the biosynthesis, degradation, and homeostasis of PHAs in microorganisms. Biosynthesis of PHAs involves transforming soluble substrates, such as hydroxyalkanoate coenzyme A esters, into insoluble inclusions during polymer elongation; these inclusions are stored in a form that can be rapidly degraded when necessary (28) .
In an effort to elucidate the mechanism of PHA biosynthesis and degradation, various research groups have identified important proteins that play a role in these processes (14, 20, 24, 27, 29, 37, 38) . Wautersia eutropha, the most extensively studied microorganism, uses 3Ј-hydroxybutyryl coenzyme A to make polyhydroxybutyrates (PHBs). To maximize the production of PHBs, W. eutropha is typically grown in nitrogen-limited medium with an available carbon source such as fructose (PHB production medium [PHB P ]) (38) . At late stages of PHB accumulation, the polymer can account for 80 to 85% of the dry cell weight. Transmission electron microscopy (TEM) and immunogold labeling experiments with preparations examined by TEM at a late stage of PHB production have revealed that the entire inside of each cell is filled with 8 to 12 PHB granules that are 0.2 to 0.5 m in diameter (1) . The synthase (PhaC) and phasin (PhaP) proteins were shown to be located on the granule surface (15, 22, 27) . The extent of coverage by PhaC is low, while the extent of coverage by PhaP is substantially higher. Early electron microscopy studies of PHB granules from Bacillus cereus, Bacillus megaterium (23) , Rhodospirillum rubrum (3) , and Chlorogloea fristschii (19) all revealed an atypical membrane-like material surrounding the surface of granules, which varied in thickness from 3 nm to 20 nm depending on the species. Recent atomic force microscopy studies of granules freshly isolated from W. eutropha with minimum perturbation also demonstrated that there was a 3-to 4-nm-thick boundary layer surrounding the surface of the granules (7) . In addition, globular structures, which were 35 nm in diameter with a central pore, were also reported to be on the surface of the granules and were proposed to be centers for PHB synthesis and depolymerization. Based on these observations, two models have been proposed for granule formation. The first model is the micelle model, in which the extended PHB chains covalently attached to the synthase aggregate initially into a micelle structure ( Fig. 1) (12, 14) . The physical properties of the polymer are thus proposed to be the driving force for inclusion formation. The second model is the budding model that we proposed recently, in which the hydrophobic synthase binds to the inner face of the plasma membrane and buds from this membrane, leading to a granule surface covered with a lipid monolayer ( Fig. 2) (32) . In this model, the biology of the system and the physical properties of the polymer both are required for granule formation.
Our lab has been interested in the mechanism of granule formation and degradation. Studying granule formation from its inception (that is, the early stage of PHB biosynthesis) has not previously been reported and may allow a distinction between the two models ( Fig. 1 and 2 ). In the present study, TEM was used to study the kinetics of granule formation and degradation in W. eutropha H16. The TEM images of cells at the early stages of PHB production revealed dark-stained mediation elements near the center of the cell, ringed by small granules (Յ0.1 m in diameter). These images led to an alternative model for granule formation, in which granules are localized and the new mediation elements function as granule initiation sites. In addition, the time course studies revealed changes in cell and granule sizes, which were quantitatively analyzed by unbiased stereology. Stereology, a branch of applied mathematics, is the three-dimensional interpretation of flat images by criteria of geometric probability (10) . Using this analysis method, we report for the first time the average volume of W. eutropha H16 cells and the total surface area of granules per cell at different stages of granule formation. These parameters, along with the results of quantitative Western analyses described in the accompanying paper (34) , identified the proteins involved during PHB biosynthesis and degradation and the changes in concentration of these proteins as a function of time. The kinetic information is essential for proposing functional roles of the proteins in PHB homeostasis.
MATERIALS AND METHODS
Cultivation conditions. Wild-type W. eutropha H16 was cultivated with aeration at 30°C. Gentamicin was included in all growth media, except when PHB utilization was being measured. A single colony from a dextrose-free tryptic soy broth (TSB) (Becton Dickinson Microbiology Systems, Cockeysville, MD) plate was cultivated in 5 ml of TSB to saturation (ϳ40 h), at which time 2 ml was transferred into 100 ml of TSB in 500-ml baffled flasks and grown for 24 h. The doubling time of W. eutropha H16 in TSB is between 3 and 4 h. Cells harvested by centrifugation were washed and transferred into 200 ml of TSB or 200 ml of PHB P (minimal medium supplemented with 1% fructose and 0.01% [wt/vol] ammonium chloride) in 1-liter baffled flasks to obtain cultures with an initial optical density at 600 nm of 0.5. For cells grown under TSB conditions, 5 ml of cells was removed at 4 and 24 h for TEM analysis. For cells grown in PHB P , 5 ml of cells was removed from the culture at 2.5, 5, 9, 24, and 73 h. In all cases, cells were immediately fixed for TEM studies. For PHB utilization, 100 ml of cells grown in PHB P for 73 h was harvested, washed with 0.85% (wt/vol) saline, and transferred into 200 ml of PHB utilization medium (PHB U ) (minimal medium supplemented with 0.5% [wt/vol] ammonium chloride). Samples were harvested at 48 h for TEM analysis.
Reagents. All TEM reagents were purchased from Electron Microscopy Sciences (Hatfield, PA).
Fixation. Five milliliters of the cell culture in TSB, PHB P , or PHB U at various times was transferred to a 15-ml Falcon tube containing 5 ml of fresh fixative solution (2% [vol/vol] glutaraldehyde, 3% [wt/vol] paraformaldehyde made fresh, 5% [wt/vol] sucrose, and 0.1 M sodium cacodylate buffer, pH 7.4). After 5 min of manual mixing, the cells were spun down at 5,000 rpm for 10 min using a bench centrifuge. The supernatant was removed, and an additional fresh 10 ml of the fixative solution was added to resuspend the cell pellet. After 1 h of incubation at room temperature with occasional manual mixing, the cells were pelleted The fixed cells were then pelleted, and 1.5 ml of a third fixative solution, the Kellenberger uranyl acetate solution (0.5% [wt/vol] uranyl acetate in Veronalacetate buffer) was added. The pellet was initially washed with this solution briefly (Ͻ1min) and then incubated in 1.5 ml of fresh solution overnight in the dark.
Dehydration. Upon the completion of uranyl acetate staining, the pellet was rinsed with ϳ1.5 ml of distilled H 2 O quickly after being dislodged and was then pelleted by centrifugation. To dehydrate the cells, they were subjected to increasing amounts of ethanol. The pellet was placed first in 50% (vol/vol) ethanolwater for 10 min and subsequently in 70% (vol/vol) ethanol for 10 min, 95% (vol/vol) ethanol for 10 min, and then three times in 100% ethanol for 15 min. The cells were spun down after each ethanol treatment to remove the supernatant, and the pellet was dislodged during each incubation to ensure homogeneous dehydration. The pellet was further dehydrated in 50% (vol/vol) ethanol-50% (vol/vol) propylene oxide for less than 5 min before it was transferred to 100% propylene oxide (ϳ1.5 ml). After 5 min, the pellet was then placed in 50% propylene oxide-50% low-viscosity embedding resin (containing vinyl-4-cyclohexene dioxide, DER 736 resin, nonenyl succinic anhydride, and 2-dimethylaminoethanol; these components were mixed in proportions to obtain hard blocks when the instructions of a Spurr kit were followed) and rotated on a rotator for 12 h.
Embedding. All of the pellet was transferred into ϳ1.5 ml of 100% lowviscosity embedding resin and placed under a vacuum in a desiccator for 4 h. This process was repeated at least three times with fresh embedding resin. The pellet was then cut into small sections randomly and embedded in beam capsules containing 100% low-viscosity embedding resin. The beam capsules were then placed at 60°C overnight to allow embedding.
Sectioning and microscopy. Ultrathin sections (thickness, ϳ70 nm) were cut with a Reichert Ultracut E microtome using a Diatome diamond knife. The sections were picked up with 200-mesh nickel grids coated with Formvar (0.3% [wt/vol] dissolved in ethylene dichloride) and a layer of carbon. Serial sections were also prepared for wild-type W. eutropha cells grown in PHB P for 5 h. The thickness of each section was ϳ70 nm. The sections were examined using a Philips EM410 or JOEL JEM-1200EXII electron microscope at 80 kV. For each condition, images were recorded on film at high and low magnifications.
TEM image data analysis: calculation of the average cell volume at 5 h of the wild-type strain grown in PHB P . W. eutropha cells appear to be rod shaped under a light microscope, and all calculations of volumes are based on this premise. Thus, the volume of a cell has been approximated by using the equation describing the volume of a cylinder:
, where V C is the volume of a cylinder or a single cell, d is the diameter of the cylinder or the width of the cell, and h is the height of the cylinder or the length of the cell. Serial sections (ϳ70 nm; 5 h in PHB P ) were required to obtain the actual length and width of a cell by selecting the longest and widest cell profiles, respectively, in images. Here, cell profiles refer to the cross section of cells resulting from a single cut. Long cell profiles that did not change length and angle from one section to the next were measured with a ruler to determine the length (h); similarly, wide cell profiles that did not change width and angle from one section to the next were measured to determine the width (d). All measured values were corrected by the magnification factor. The average cell volume for this sample is referred to here as V C5h . This analysis assumed that the cells were uniform in size at this time, which was not the case. At 5 h under the growth conditions used, the cells were dividing. Since the analysis involved examination of successive sections for the longest cells which were on the verge of dividing, V C5h was the average cell volume at this stage. The average cell volume of freshly divided cells at 5 h was assumed to be one-half of V C5h . Thus, as noted in Table 1 , a range of volumes is reported here for the times at which cells were dividing. In the stationary phase (TSB at 24 h and PHB P at 9 to 73 h), the cells were assumed to be uniform.
Calculation of the area of cell profiles on two-dimensional (2-D) images using unbiased stereology at different times. The Cavalieri point counting method was used to calculate the area of cell profiles (5, 26) . A multipurpose test system was used. The probe contained parallel lines (also called test lines) spaced 19.85 mm apart and points spaced 39.7 mm apart evenly on each line (http://web.mit.edu /biochemistry/PHB_Supp_1.pdf). The probe was overlaid randomly on a TEM image containing cell profiles. The number of points (P) that hit cell profiles was then tabulated. This process was repeated with images of other random sections of the same sample until enough points were obtained so that the coefficient of error was less than 10%. The coefficient of error, also known as sampling error, is defined as follows: (standard deviation/mean)/(sample number) 1/2 , where the sample number is equal to the number of images used for the study. Typically, a minimum of 100 to 200 points is needed. The area of the cell profiles covered in all images was calculated using equation 1 (16, 33) .
where A CP is the total area of the cell profiles on all images, ͚P CP is the number of points hitting the cell profiles, summed over all images, and a(p) is the area per point, the product of the distances between points in the x and y directions (19.85 mm by 39.7 mm). Since all images were magnified, a(p) was corrected by the magnification factor. Calculation of the average volume of cells at each time using A CP of the corresponding sample and V C5h . The Delesse principle states that the twodimensional (2-D) areas of profiles of tissue components are related to the three-dimensional volumes occupied in space by these components, assuming random distribution and random orientation of components (6) . The relationship between area and volume is shown in equation 2.
where A A is the area fraction and V V is the volume fraction. Both A A and V V are further defined as shown in equation 3.
where A obj is the area of the object of interest on flat images, which in our case was equal to the area of total cell profiles (A CP ) described above; A ref is the area of the reference space that contained A obj , which can be obtained by counting the total number of points on the point-grid probe used to obtain A CP and multiplying the total number of points by the area per point (equation 1); V obj is the volume of the object of interest, which in our case was the total volume of the cells observed in images from which A obj was measured; and V ref is the reference volume that contained V obj . Since A CP is a function of ͚P CP (equation 1), a value that is highly dependent on the number of observed cell profiles present on TEM 
Notice that we did not chose to cancel out the N CP2.5 h and N CP5h terms in this equation. This is because the terms in the parentheses (V CP /N CP ) now represent the actual average volume of a cell (V C ). This representation is valid only when the number of cell profiles is equivalent to the number of cells present in the reference space, which is true in our system since a cylindrical cell can appear only once when it is sliced from any angle. The only exception is when the cells are dividing. Since the middle of a cell pinches in, sectioning the cell longitudinally on the edge could result in two profiles. However, the probability of this is low (Յ2 or 3% for ϳ100 cell profiles) (data not shown). In addition, cell division does not occur in PHB P at 9, 24, and 73 h. Since we obtained the actual average volume of a cell in PHB P at 5 h using images of serial sections as described above, knowing A CP2.5 h , A CP5h , N CP2.5 h , and N CP5h allowed us to calculate the approximate average volume of a cell in PHB P at 2.5 h. Similarly, an estimate of the average volume of a cell from other samples could be obtained using this method. Equation 4 is valid when the thickness of a section is the same for different samples, which was the case for this study. Calculation of the total surface area of granules per cell using unbiased stereology. The multipurpose test system (http://web.mit.edu/biochemistry /PHB_Supp_1.pdf) was again overlaid on TEM images of the same sample randomly (all images were the same magnification). The size of the image defined the reference space. Since all images were approximately the same size, the total reference space was equal to the number of images times the size of an image. This time, instead of counting points, intersections (I) were counted when the test lines crossed the surface of granules. Again, a large enough number of intersections had to be counted so that the sampling error was less than 10%. The surface density of the granules (S V ), defined as the total surface area of granules per total reference space volume, could be calculated using equation 5 (30) .
where ͚I G is the number of intersections of granules with test lines, summed over all images, and ͚L is the total length of test lines summed over all images. Again, the length had to be corrected for magnification. Note that the units for S V are length Ϫ1 (e.g., m Ϫ1 ). The derivation of this equation has been described by Elias et al. (11; also see ). Recall that V V (V obj /V ref ) is the total volume of observed cell profiles in the total reference space, which in our case was obtained from the same images. Therefore, dividing S V by V V gives the total surface area of granules in a unit volume of cells. The total surface area of granules in one cell (S G ) can be obtained using the following equation.
Again, this analysis was applied to images of all our samples. Measurement of size distribution of cell and granule profiles on 2-D images. For all wild-type samples, the major and minor axes of all cell and granule profiles were measured for images recorded at the same low magnification (primary magnification, ϫ3,000) so that a large field of cells could be sampled. Measurements were made by using the Scion Image for Windows software from Scion Corporation. These measurements were confirmed by random manual measurements with rulers.
RESULTS
Transition of cells from nutrient-rich medium (TSB) to PHB P . Current work on PHB has been mostly focused on studying the phenotype of microorganisms grown under conditions in which the maximum number of PHB granules is produced. A typical TEM picture shows a cell that is full of large granules (e.g., a cell after 24 h in PHB P [Fig. 3D]) . However, the fate of W. eutropha cells during the initial stage of PHB production has not, to our knowledge, been determined. We were interested in using TEM to observe cells at the early stages. W. eutropha is typically grown in TSB rich medium for 24 h to minimize the amount of PHB in cells used to inoculate PHB P . Ideally, the starting culture would contain cells in the early stationary phase and would contain no PHB so that the PHB production in PHB P could be monitored from the very beginning. However, in our hands, such growth conditions have not been identified yet. At 24 h in TSB, W. eutropha contains a small amount of PHB (Ͻ10% of cell dry weight) (38) . Cells grown under these conditions were thus chosen to serve as the inoculum. Images of cells at 24 h in TSB and at an early time (2.5 h) in PHB P are shown in Fig. 4 and revealed surprising results. Upon a switch into PHB P , the W. eutropha cell size increased two-to threefold (Table 1 , compare A CP / N CP values for TSB at 24 h and for PHB P at 2.5 h). The increased size could have been associated with cell division, since the cells were transferred from nutrient-depleted TSB at 24 h, when most of the cells were no longer dividing, to PHB P , which contained a nitrogen source at a concentration of 0.01% and initially allowed cell growth. A typical recently divided rod-shaped cell (e.g., Escherichia coli) elongates with little or no increase in girth until it reaches approximately twice its original size and then separates into two cells that are nearly equal in size (17) . Alternatively, an increase in cell volume could be related to the ability of cells to sense nitrogen nutrient limitation. Thus, the increased cell size may be a regulatory mechanism required to maximize the cell's capacity for granule storage. Support for this alternative explanation was provided by the observation that the average cell volume at 2.5 h in PHB P was still substantially larger than that at 4 h in TSB in which the cells were also dividing ( Table 1) . The basis for cell volume increase requires further investigation.
Kinetics of wild-type W. eutropha: unusual mediation elements accommodating small granules at early times. Models in the literature for granule formation suggest that granules may arise through physical association of PHB oligomers forming micelle-like structures ( Fig. 1) (12) or by budding off the plasma membrane, resulting in a granule covered with a monolayer of lipid (Fig. 2) (32) . TEM may allow a distinction between these models, as in the former case the granules may be uniformly dispersed in the cytoplasm and in the latter case the nascent granules should be adjacent to the inner leaflet of the plasma membrane of the cell. In this study wild-type W. eutropha was examined in PHB P as a function of time, and images of the time course are shown in Fig. 3 . At the early times (2.5 and 5 h), striking dark-stained structures or mediation elements (0.4 to 0.5 m) were observed near the center of the cross section of many cells (Fig. 3A and B and 4) or along a longitudinal strip in the center of the cells (Fig. 5 and 6A ). The location of these dark-stained mediation elements at the center of the cells was confirmed by images from serial sections (data not shown). These mediation elements are believed to be unique to W. eutropha studied under PHB P conditions since E. coli cells (which closely resemble W. eutropha cells) to our knowledge do not show such mediation elements under normal growth conditions when they are fixed and stained under similar conditions and analyzed by TEM (13, 18) . Of great interest is the finding that very small PHB granules (Fig. 5 ) localize around these dark-stained mediation elements. Examination of many images containing thousands of cells gave no evidence that PHB granules bud from the cell membrane or are dispersed randomly within the cytoplasm. As the cells continued to grow in PHB P from 5 to 73 h, the dark mediation elements gradually disappeared or became obscured by the increased size of the granules ( Fig. 3 and 6 ). Notice that the size of the granules increased from 9 to 24 h in PHB P , until the entire cell was filled with granules. The mediation elements have also been observed in a W. eutropha strain in which the class I synthase gene was replaced with D302A-PhaCPhaE (class III synthase) from Allochromatium vinosum. Although this organism was grown in PHB P for 
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24 h (compare with the wild-type strain in Fig. 3D ), only small granules were observed to accumulate since the mutant was defective in the ability to elongate a polymer (35) . The mediation elements were again seen near the center of the cross sections of cells, where the small granules were found. The observation of these mediation elements with attached granules is intriguing. However, it should be kept in mind that the cells were cross-linked with glutaraldehyde and paraformaldehyde, fixed and stained with osmium tetroxide and uranyl acetate, and extensively dehydrated with ethanol. A variety of additional methods to scrutinize these interesting mediation elements to ensure their relationship to granule formation will be the focus of future experiments.
As shown in Fig. 3B , C, and D and 6, a significant amount of PHB was produced from 5 to 9 h and from 9 to 24 h in PHB P . Cells containing as many as 18 to ϳ25 granules per cell were occasionally observed in our images at 24 h. At 73 h, significant coalescence of granules was observed, as shown in Fig. 7 . Also of interest is the appearance of small white inclusions near the edge of the cell membrane (Fig. 7) . The identity of these inclusions is uncertain, and their origin is also unknown.
When the cells were transferred into PHB U after 73 h in PHB P , the size of the W. eutropha cells decreased by 48 h (Fig.  3F) . Furthermore, at this time, the size and number of granules were much more heterogeneous than they were in PHB P (Fig.  3F and 8) . The observation of granules at this time agrees with our previous PHB quantitation obtained using the crotonic acid assay, which showed that ϳ40% of PHB based on the cell dry weight remained at 48 h and thereafter (38) . The TEM photographs clearly established for the first time that almost all of this PHB was inside the cell and was not extracellular. The reason for the cell's inability to completely degrade PHB under these utilization conditions is not understood at present.
Changes in cell volume during PHB production and utilization. Knowledge of the concentration of proteins involved in PHB homeostasis and how the proteins change during PHB production and utilization is an essential component for understanding this process. Calculation of the in vivo concentration of proteins requires knowledge of the cell size at the time of interest. The TEM photographs in Fig. 3 and 4 did not reveal cell volume changes under PHB production and utilization conditions by direct examination. Since TEM pictures present essentially flat profiles of cells obtained from random cuts through an embedded sample, the size of a cell profile is not representative of the size of the cell from which it arose. The method that has allowed quantitation of changes in cell volume from 2-D images such as those shown in Fig. 3 is the theoretically unbiased stereology method (10, 26) . After measurements of the 2-D images are taken, parameters from these measurements can be extrapolated to three-dimensional space, regardless of the shape and size of the object of interest. This estimation method has been used widely in geology, material science, and neurosciences and in the study of many biological tissues. Although stereology has not been used much in the study of bacterial cells, TEM images of bacteria are ideal for analysis by this method, since the cells in sections are embedded randomly and they are isotropic (having no preference in orientation). Stereology is practiced by superimposing line and point patterns on flat images of thin sections, from which the component(s) of interest can be quantified. Counted points and measured line segments are tabulated and entered into basic, assumption-free formulas, as described in Materials and Methods. Since all cell samples are fixed by the same method, the effect of fixation on cell and granule size is assumed to be the same for all samples. This is, however, a caveat, since the amount of PHB differs in each sample, which could differentially affect fixation.
Using the point-counting method (see Materials and Methods), the total area of cell profiles (A CP ) on all images was calculated for samples harvested at defined times during cultivation. As implied in equation 1 (see Materials and Methods), A CP is directly proportional to the size and number of cell profiles (N CP ) on all images, and the larger and the greater the number of cell profiles, the greater the number of hit points (P) with the test probe. While the size of cell profiles and its change from sample to sample were a result of the experimental testing conditions, the number of cell profiles on images was not since cells were randomly embedded and images were recorded randomly. Therefore, in order to be able to use A CP for comparison purposes from sample to sample, A CP must be normalized by the number of cell profiles (hence, A CP /N CP ). The change in cell volume among the samples is directly reflected in this assumption-free (no assumption concerning the shape of the cell) value of A CP /N CP , as shown in Table 1 . According to the Delesse principle, the area of cell profiles in a reference space (A A ) is equivalent to the volume of those profiles in the same reference space (V V ). Therefore, knowing the actual average volume of cells at one time allows calculation of the average volume of cells at other times, as described in Materials and Methods. In order to obtain the actual average volume of cells at one time, images from serial sections of cells are required. We chose to examine cells in PHB P at 5 h. An example of typical serial sections is shown in Fig. 9 . The average cell volume analysis for this time was complicated by cell growth and division. We chose the longest cell profiles from images of serial sections, and thus, the volume determined represents the population of cells just before cell division. Assuming the cells divided equally, the volume of each daughter cell is approximately one-half the volume of the original cell. The determination of the length and width of the cell profiles from these sections is described in Materials and Methods. The average volume of a cell can be calculated using the volume equation for a cylinder, assuming that W. eutropha is rod shaped. The average cell volume at 5 h in PHB P using the longest cell profiles was estimated to be 1.8 m 3 or 1.8 ϫ10 Ϫ15 liter (Table  1) . This value, chosen since most of the cells in TEM images and measured were in the cell division process (Fig. 3A and B and 4B), allowed estimation of the average cell volume of the samples taken at other times. The results are summarized in Table 1 and were verified by a second approach, as described below. The largest change in volume was between TSB at 24 h and PHB P at 2.5 h. This change reflected cell doubling. However, it was sufficiently large that an additional contribution to size might have resulted from sensing nitrogen limitation and preparing for PHB storage.
The trends observed in cell volume change as a function of time in PHB P were verified independently by measuring the size distribution of cell profiles on images recorded at a low magnification (negatives were at a magnification of ϫ3,000) so that a large number of cells was examined at each time. A population of large cells should give a higher frequency of long and wide cell profiles than a population of small cells if all cells are randomly embedded and examined. The major and minor axes of hundreds to thousands of cell profiles, regardless of shape and size, were measured for PHB P at 2.5, 5, 9, 24, and 73 h. Graphic representations of the profile frequency for cell length are shown in the histograms in Fig. 3 . Less variation was observed in width, and, therefore, only the average width is reported here ( Table 2 ). The average length of the cells decreased as a function of time, while the width decreased slightly from 2.5 to 9 h and then increased slightly. As a result, the volume of the cell decreased from 2.5 to 9 h and then gradually increased from 9 to 73 h in PHB P , a trend similar to that measured by stereology (Table 1 ). In addition, using the average length of the longest cell profiles (usually ϳ4% of the total FIG. 9 . TEM images of consecutive serial sections (A3B3C) of the sample at 5 h in PHB P . The longest cell profile appears to result from a cell that is lying parallel to the plane of the sectioning knife, since its position does not change relative to the other two cell profiles (arrows), which seem to result from cells that were lying perpendicular to the place of section. Since the length of the long cell profile does not change from panel A to panel B, this length represents the actual length of the cell. Notice that the cell length in panel C is less. These images also reveal that the size of the granules is fairly uniform. Bar, 1 m. number of cell profiles measured) and the average width (Table 2) from images obtained at each of these times, the average volume of cells calculated using the equation for the volume of a cylinder (Table 2) is very similar to the volumes obtained from stereology. Note that the longest cell profile in PHB P at 9, 24, and 73 h should represent the actual length of the cell population, since cells were no longer dividing, as indicated by the constant dry cell weight (with the weight of PHB subtracted) at these times (data not shown). Thus, it is appropriate to assume that all cells are a uniform size at these times. The average cell volumes in TSB conditions were also measured for the 4-and 24-h samples using stereology. Again, a range of volumes is reported for the 4-h point in Table 1 due to cell division. From 12 to 24 h in TSB, the mass of the cell (with the weight of PHB subtracted) increased by only ϳ30% (data not shown), indicating that most of the cells were entering the stationary phase. Therefore, the average cell volume determined for TSB at 24 h is close to that of a single cell.
Changes in surface area of granules in wild-type W. eutropha during growth in PHB P . Another piece of information that can contribute significantly to our understanding of PHB biosynthesis and degradation in W. eutropha is the amount of each protein covering the surface of granules. Immunogold labeling studies using antibodies to the synthase (PhaC) and the phasin (PhaP) and TEM analysis revealed that these two proteins are on the surface of granules (15, 27) . The large amounts of PhaP produced (estimated to be 3 to 5% of the total amount of protein present under maximum PHB production conditions) were the basis for the proposal that the granules are mostly covered with PhaP (31). Substantial coverage, however, is not apparent in a TEM image (27) . Immunogold labeling and TEM imaging also suggested that there was very low coverage of the granule surface by PhaC. No quantitation of the surface coverage has been reported previously. In order to calculate the amount of protein covering granule surfaces, the total surface area of granules per cell (S G ) needs to be determined at each time, as does the amount of each protein of interest. Again, stereology has been used to solve this problem. As shown in Fig. 3 and 4 , the granules in TSB at 4 h (not shown) and 24 h and in PHB P at 2.5, 5, and 9 h appeared to be spherical. However, the shape of the granules at the later times was altered due to crowding and granule fusion. The beauty of the stereological method is that S G can be derived without knowing the shape and the number of the granules per cell since S G is a function of the number of intersections between granule surfaces and test lines and the length of the test line probes. The value of S G for each time is also reported in Table  1 . Note that a range of S G values are reported for the TSB sample at 4 h, which correspond to the range of cell volumes reported. S G is not reported for the 2.5-and 5-h samples from PHB P since the granules were too small and not defined sufficiently to be quantitated.
The granules in TSB at 4 and 24 h appeared to be roughly spherical, and coalescence was not observed. Therefore, an alternative method was used to estimate S G , providing confirmation of the results obtained from the analysis using stereology. The diameter of every single-granule profile on images containing 500 to 600 granules was measured for each sample. 
The calculated D values for 4-and 24-h TSB samples were 0.36 and 0.24 m, respectively, if all granules were the same size. Note that this assumption is more suitable for the 24-h sample than for the 4-h sample since the granules appeared to be more heterogeneous at the early time, as revealed in the serial sections of both samples (data not shown). The surface area of a granule (S) can be calculated by using the formula for a sphere, S ϭ D 2 . Since there are approximately 2.5 to 5 granules per cell in TSB at 4 h (depending on the choice of average cell volume) and 5 granules per cell in TSB at 24 h (34), the total surface areas of granules per cell in TSB at 4 and 24 h were calculated to be 1 to 2 m 2 and 0.9 m 2 , respectively. These values are very close to those obtained through stereology (Table 1) .
DISCUSSION
Two models of PHB granule formation have been put forth in the current PHB literature: the micelle model (Fig. 1 ) and the budding model (Fig. 2) . Both models account for the established location of the synthase and phasin on the surface of the granule. Earlier TEM studies revealing membrane-like material surrounding granules in intact cells (3, 9, 19, 36) or isolated granules (23, 25) also provided the basis for the budding model. We therefore studied the early stages of granule formation in W. eutropha under nitrogen limitation growth conditions with the hope of obtaining insight into the mechanism of this process. The cells examined by TEM were fixed, stained, and dehydrated. In the analysis that followed we assumed that the observations made were not an artifact of the fixation method. Instead of observing granules randomly distributed in the cytoplasm and close to the inner cell membrane, as expected from Fig. 1 and 2 , respectively, we found that nascent granules arose from only the center of the cell. In addition, pronounced dark-stained mediation elements were also found at the center of the cells, and it is to these mediation elements that granules appeared to be localized. As cultivation in PHB P continued, the granules grew uniformly, and the dark mediation elements were no longer observed.
The molecular identities of these mediation elements are currently unknown. Osmium tetroxide and uranyl acetate both serve as fixatives and stains for lipids, proteins, nucleic acids, and other cellular structures (4) . The mechanism of staining is not well understood for either reagent. As a result of the nonspecific staining by both reagents, the dark-stained mediation elements could be any of the candidates listed above or other deposits that reacted with the staining reagents. Staining with more specific reagents may help in elucidating the composition of the mediation elements. Localization of nascent granules close to the unknown mediation elements has led us to propose a new model for PHB granule formation: the mediation elements could serve as scaffolds, providing sites for the synthase to initiate granule formation. Subsequent to granule initiation, a number of possibilities for the fate of the scaffold have been considered. The first possibility is that the scaffold (0.4 to 0.5 m) becomes covered with granules. The second is that at some stage in granule growth, the scaffold is degraded. A third possibility is that the material that composes the scaffolds could be distributed over the surface of the granule as it is being made. In any of these scenarios, the mediation elements would not be observed at the late stage of PHB biosynthesis. The concept of scaffolds has been exemplified by the cellulosome, the multicomponent, multienzyme complex from anaerobic cellulolytic bacteria that is used to degrade plant cell wall polysaccharides (2, 8, 21) . The main component of the cellulosome is a multienzyme integrating protein unit called scaffoldin. Scaffoldin contains several cohesion domains, which recruit enzymes that play roles in cellulose degradation and contain a "dockerin" domain. The cohesion-dockerin interaction allows the scaffoldin to organize the various cellulolytic components into a complex, which then allows all these enzymes to work efficiently and synergistically. The existence of this "machinery" for cellulose degradation suggests that there could be a similar complex for orchestrating the proteins involved in PHB biosynthesis and degradation. Recently, Dennis et al. observed large structures on the surface of PHB-containing granules from W. eutropha cells using atomic force microscopy. They proposed that these structures might serve as synthesis-degradation centers (7) . Isolation and identification of the dark-stained mediation elements observed by TEM, therefore, are important for verifying our new model and unraveling the process of PHB formation in vivo.
In this paper, we also report the estimated average cell volume and total surface area of granules per cell for W. eutropha H16 cells grown in nutrient-rich TSB and in PHB P as determined by stereological analysis of TEM images. Once again, the assumption was made that fixation of the cells did not affect the sizes of the cells or the granules. The growth conditions used in this study have been widely used in the PHB field, and therefore, these new parameters of cells should be useful to other workers interested in understanding the PHB homeostasis. Recently, our laboratory has carried out a series of studies to determine the amount of proteins involved in PHB homeostasis in W. eutropha under these growth conditions using quantitative Western analyses (34) . The results of the Western analyses, together with the cell volume and granule surface area calculated in this study, have provided new information concerning the homeostasis of PHB.
